Dietary Phosphorus and Blood Pressure
International Study of Macro-and Micro-Nutrients and Blood Pressure R aised blood pressure (BP) commonly affects middle-and older-aged adults and is a major contributor to the high rates of coronary heart disease and stroke worldwide. 1 Data from epidemiological studies 2, 3 ; randomized, controlled trials 4 -13 ; and studies of migrants 14, 15 show the importance of dietary factors in the primary prevention and control of high BP. Mineral intakes are important, especially sodium and potassium, [2] [3] [4] [5] [6] [7] [8] [9] possibly also calcium and magnesium, 10 -13 but little attention has been paid to the possible effects of phosphorus intake on BP, 16 -18 despite its role in cellular structure and function, 19 calcium turnover, and regulation. 20 We report here multivariate data from the International Study of Macroand Micro-Nutrients and Blood Pressure (INTERMAP Study) on the independent relationship of dietary phosphorus to BP and on estimated combined influences of higher versus lower intakes of phosphorus, calcium, and magnesium.
Methods
The INTERMAP Study includes men and women ages 40 to 59 years, from 17 diverse population samples in Japan (4 samples), People's Republic of China (3 samples), United Kingdom (2 samples), and United States (8 samples). 21, 22 Each participant attended 2 visits (consecutive days) and an additional 2 visits on average 3 weeks later. At each of the 4 visits, seated BP after Ն5 minutes of rest was measured twice with a random zero sphygmomanometer; amounts of all foods, drinks, and dietary supplements consumed in the previous 24 hours (from multiple-pass 24-hour recalls) were recorded by trained interviewers, 22 aided by food and drink models, measuring devices, and photographs. 22 Measurements of height, weight, and data on daily alcohol consumption (previous 7 days) were obtained at the first and third visits. Data on possible confounders included education, occupation, physical activity, smoking, medical and family history, current special diet, and medication use. 21 In the United States, dietary data were entered directly into a computerized system (online Nutrition Data System version 2.91), containing information on the nutrient composition of 17 000 foods, beverages, ingredients, and supplements. In the other countries, data were entered onto standard forms, coded, and computerized (a random 10% of recalls were recoded and re-entered with staff blinded to original entries). 21 Timed 24-hour urine collections were started at the first and third visits and completed at the research center the next day; measurements included urinary creatinine, sodium, and potassium corrected to 24 hours. Eight percent of urine samples were split at the field center for estimation of laboratory precision. 23 There were 215 exclusions (4.4%) among 4895 initially surveyed: 110 did not attend all 4 visits; 7 had diet data that was considered unreliable by diet interviewer and site nutritionist; 37 had energy intake from any 24-hour dietary recall Ͻ500 kcal/d or Ͼ5000 kcal/d for women or 8000 kcal for men; 37 had 2 complete urine collections not available; and 24 had data on other variables incomplete, missing, or indicative of protocol violation. Thus, 4680 people (2359 men and 2321 women) are included. The response rate averaged over the 4 countries was 49%. Institutional review board/ethics approval was obtained for each site; all of the participants gave written consent.
Statistical Methods
Individual dietary intakes from foods and beverages were converted into nutrients (83 total) with the use of specially enhanced and comparable country-specific food tables. 24 These were computed as nutrient densities (percentage of kilocalories or milligrams per 1000 kcal) and also for the sum of foods and beverages plus dietary supplements. To improve precision, measurements for each participant were averaged across visits. 25, 26 Per the previous analysis plans, analyses were done for individuals, not across samples/countries. Analyses for dietary phosphorus were part of preplanned exploratory analyses of micronutrients to BP. Partial correlation (adjusted age, gender, or sample) and multiple regression were used. We examined relationships of phosphorus intake (milligrams per 1000 kcal) with BP for all 4680 people and, to reduce possible bias, for 2238 "nonintervened" individuals, ie, those without special diet/nutritional supplements or diagnosis/ treatment for cardiovascular disease or diabetes. 27 Potential confounders were added sequentially to regression models, without and with height, with weight included, because they can influence nutrient-BP associations, 2,3,28 leading possibly to overadjustment; also, their high precision of measurement compared with dietary variables can impact estimates of dietary-BP relations. 25 Also, weight adjusted for height appears to relate more strongly to BP than body mass index. 29 Adjustments were sample, age, and gender (model 1), plus reported special diet, dietary supplement intake, moderate or heavy physical activity (hours per day), history of cardiovascular disease/diabetes, and family history of hypertension (model 2), plus 24-hour urinary sodium, potassium, and 7-day alcohol intake 2,3 (model 3), plus dietary saturated and polyunsaturated fatty acids and cholesterol 30 (model 4). Given high-order intercorrelations, models 5a through 5c separately added dietary vegetable protein, calcium, and magnesium. Interaction terms were tested for gender/age and quadratic terms to assess departures from linearity.
Phosphorus-BP regression coefficients were obtained by country and pooled (weighted by the inverse of variance) across countries to obtain study-wide estimates of association. Coefficients were expressed as differences in BP (millimeters of mercury) for a 2-SD difference in phosphorus intake, ie, 232 mg/1000 kcal (approximate amount from a 250-g serving of roast chicken for a person consuming 2500 kcal/24 hour). We used the Z score, ie, regression coefficient divided by its SE, to assess statistical significance, and 2 tests of heterogeneity to assess differences in the size or direction of country-specific phosphorus-BP regression estimates for individuals.
To assess the sensitivity of primary findings, additional analyses were done including the following: (1) phosphorus intake from foods plus dietary supplements; (2) inclusion of energy intake (kilocalories) in nutrient density regression models 31 ; (3) the use of body mass index instead of height and weight; (4) the use of grams-per-day intakes adjusted for energy (instead of nutrient densities); (5) exclusion from the nonintervened group of people reporting any medication use; and (6) exclusion of people with predefined high day-to-day variability of nutrient intakes or BP. 21 A model was also run for all of the participants that included all of the covariates.
To identify food sources of phosphorus, food items in the US database were assigned automatically to predefined food groups by Nutrition Data System software. 24 For Japan, People's Republic of China, and United Kingdom, food items were manually assigned to groups based on Nutrition Data System classification. The amount of phosphorus, as well as calcium and magnesium, provided by each food item was summed by food group.
We also examined associations of calcium and magnesium with BP. To estimate combined effects on BP of higher versus lower intakes of phosphorus, magnesium, and calcium (milligrams per 1000 kcal), the mean BP difference comparing individuals above and below country-specific medians of each of these nutrients was computed by ANCOVA with adjustment for country, age, gender, and additional variables as per models 3 and 5a described above, without or with height and weight adjustment.
Analyses were conducted in SAS version 8.02 (SAS Institute). The study sponsors had no role in study design; collection, analysis, and interpretation of data; or writing of the report. 
Results

Descriptive Statistics and Partial Correlations
All Participants (n‫)0864؍‬
Associations of phosphorus with BP were all inverse. Estimates ranged from Ϫ1.13 to Ϫ2.31 mm Hg for systolic pressure and Ϫ0.59 to Ϫ1.47 mm Hg for diastolic pressure per ϩ232 mg/1000 kcal (2 SD) of phosphorus intake (Table  1) . There was heterogeneity between countries in size or direction of the phosphorus-BP regression coefficients: for People's Republic of China, United Kingdom, and United States, all 14 of the associations were inverse; for Japan, both inverse and direct associations (Z: Ϫ0.53 to ϩ1.17) were observed. There was no longer significant heterogeneity with Japan excluded. Quadratic terms (for nonlinearity) and interactions with age or gender were nonsignificant.
Nonintervened Subcohort (n‫)8322؍‬
Associations of phosphorus with systolic pressure were larger (inverse) than for all 4680 participants; this was the case also for 5 (of 7) analyses for diastolic pressure. Estimates ranged from Ϫ1.64 to Ϫ3.51 mm Hg for systolic and Ϫ0.79 to Ϫ1.77 mm Hg for diastolic pressure per ϩ232 mg/1000 kcal (2 SD) of phosphorus intake ( Table 2) . Again there was evidence of between-country heterogeneity reflecting inverse and direct associations in Japan, whereas all of the associations were inverse in the other 3 countries. With Japan excluded, there was no longer significant heterogeneity except for systolic BP with adjustment for calcium, height, and weight (model 5b), where associations were larger (inverse) in the People's Republic of China and United Kingdom than in the United States. Interaction with gender was significant (Z: 1.98 to 2.70); regression coefficients were larger (inverse) for men than women (data not shown).
Sensitivity Analyses
Sensitivity analyses showed consistent inverse phosphorus-BP associations (Table 3) . With all of the covariates included, estimates per 2-SD higher dietary phosphorus were Ϫ0.62 mm Hg (Z: 0.71) for systolic and Ϫ0.75 mm Hg (Z: 1.24) for diastolic BP. BP differences were larger (inverse) for the nonintervened group with the additional exclusion of people taking any medication.
Sources of Dietary Phosphorus
Five food groups contributed most of the dietary phosphorus in each country (65% to 81%; Table 4 ). The leading source of dietary phosphorus by country was as follows: Japan, fish and shellfish (22%); People's Republic of China, pasta, rice, and noodles (25%); and United Kingdom and United States, milk and cheese (22%). Meats and poultry/vegetable groups contributed together another 22% (Japan) to 30% of dietary (Table 4) .
Calcium, Magnesium, and Their Combined Influences With Phosphorus on BP
Both calcium and magnesium were inversely associated with BP. For all 4680 individuals, estimated BP differences for dietary calcium higher by 240 mg/1000 kcal (2 SD) ranged from Ϫ1.0 to Ϫ2.4 mm Hg for systolic pressure and Ϫ0.7 to Ϫ1.5 mm Hg for diastolic pressure (Table S2 ). For dietary magnesium higher by 75.6 mg/1000 kcal (2 SD), they ranged from Ϫ0.2 to Ϫ3.3 mm Hg systolic and ϩ0.4 to Ϫ1.7 mm Hg diastolic (Table S3) . Table 5 shows estimated mean differences in systolic and diastolic pressures for 1352 people with dietary intakes above their country-specific medians for all 3 of the minerals (phosphorus, magnesium, and calcium) compared with 1368 people with intakes below the medians, with adjustment for country, age, gender, and multiple other variables, without and with height and weight. These differences ranged from Ϫ1.9 to Ϫ4.2 mm Hg systolic and Ϫ1.2 to Ϫ2.4 mm Hg diastolic.
Discussion
We found significant inverse relationships of dietary phosphorus intake with BP. Until now, this possible association has been largely unexplored. High intercorrelation with other minerals, especially calcium, limits the ability to assign a possible BP-lowering effect to phosphorus. Nonetheless, the inverse association in different countries with differing dietary sources of phosphorus tends to strengthen the inference that phosphorus may be playing an etiologic role. One animal study found a significant BP-lowering effect of dietary phosphorus in spontaneously hypertensive and normotensive rats. 32 To our knowledge, there are no clinical trial data, and the few available epidemiologic data are inconsistent, based on weak study design, without control for possible dietary confounders. A direct association was reported from the National Health and Nutrition Examination Survey I, based on a single 24-hour recall, 17, 18 whereas the Honolulu Heart Study (also with a single 24-hour recall) reported 3/2 mm Hg lower systolic/diastolic pressures for the top compared with bottom quartile (Ϸ2.2 SDs) of phosphorus intake (milligrams per day), with adjustment for age and body mass index. 16 In a comparable analysis (model 1, milligrams per day adjusted for height, weight, and energy), we found similar BP differences: Ϫ2.8/Ϫ1.8 mm Hg per 2 SD of difference in phosphorus intake. Unlike these other studies, we used dietary data from 4 dietary recalls over 4 visits to increase precision 25, 26 and assessed the potential confounding in depth.
We reaffirmed inverse associations of calcium and magnesium with BP. Concerning calcium, meta-analyses of 7, 8 ; it also involved increases in dietary calcium, magnesium, and other micronutrients. 33 Compared with control, the Dietary Approaches to Stop Hypertension diet lowered average systolic/diastolic pressures by 5.5/3.0 mm Hg. 7 In the Optimal Macronutrient Intake Trial for Heart Health Study, compared with carbohydrate diet, a diet increased in protein further decreased mean systolic/diastolic BP by 1.4/1.1 mm Hg; the protein diet involved an 8% increase in urinary phosphorus excretion. 34 Because changes in phosphorus intakes and other mineral compositions with these combination diets were part of multiple dietary modifications, their separate impact on BP cannot be estimated from the above studies. In our study, higher compared with lower intakes of all 3 of the minerals, phosphorus, calcium, and magnesium, were associated with BPs lower by Յ4.2 mm Hg systolic and 2.4 mm Hg diastolic.
Our study has limitations. Nutrient intakes and BPs were assessed cross-sectionally in middle age, whereas the rise in BP begins during young adulthood; thus, we may be underestimating true effects if lifelong exposures are important. 35 We used the multiple-pass 24-hour recall method for the collection of dietary data; like all of the dietary assessment methods, it depends on participant reporting and is subject to possible systematic and nonsystematic errors. 36 We attempted to minimize bias by an extensive program for training dietary interviewers and coders and to improve precision by the inclusion of 4 dietary recalls. 26 We enhanced the 4 food tables to achieve state-of-the-art standardized calculation of nutrients in the different countries. 21, 24 We adopted a careful model-building approach to deal with problems of high-order multicollinearity 37 among the minerals and with dietary vegetable protein.
The main dietary sources of phosphorus were milk, cheese, meats, and poultry in Western samples and pasta, rice, noodles, fish, and shellfish in Chinese and Japanese samples. Although milk and cheese also provided a high proportion of calcium intake, this was not the case for meats and poultry. Vegetables also contributed importantly to phosphorus and magnesium intakes. Phosphorus is most commonly found in nature as phosphate, ie, in its pentavalent form in combina- Percentage is of the total intake for 24 hours.
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tion with oxygen. Food phosphate is a mixture of inorganic and organic forms; phosphorus absorption occurs mainly as inorganic phosphate. Most food sources exhibit good bioavailability of phosphorus, with the exception of plant seeds (beans, peas, cereals, and nuts). 38 Phosphates are also found in foods as food additives in the form of various inorganic phosphate salts. Phosphorus-containing food additives are estimated to contribute Ͼ30% of adult phosphorus intake in the United States, where there has been increasing use of phosphorus-containing food additives. 39 The critical importance of phosphorus in cellular structure and function could have profound effects on BP regulation through its role in plasma membrane structure (phospholipids), energy production and storage (adenosine triphosphate, creatine phosphate, and other phosphorylated compounds), enzyme activation, cellular messengers such as G-proteins, and acid-base regulation. 19 Phosphorus is also intimately involved in calcium regulation 20 ; calcium has a membrane stabilizing effect 40 with a key role in vascular smooth muscle function. 41 Sodium loading raises intracellular calcium levels, 42 increasing contractility, whereas calcium loading decreases these levels, presumably via calcium-regulating hormones. 43 Magnesium also plays an important role in transmembrane calcium transport and the regulation of vascular tone and endothelial function. 44 
Perspectives
Elevated BP is a leading preventable cause of cardiovascular morbidity and mortality worldwide. 1 Improved diet and nutrition are critical to the goal of reducing BPs and associated morbidity/mortality in populations. Dietary/lifestyle modifications that lower BP include reduced salt intake, increased potassium intake, more exercise, improved weight control, and moderation by drinkers in alcohol intake. 45 Other dietary factors possibly lowering BP include higher intakes of omega-3 polyunsaturated fatty acids, 27 vegetable protein, 28 and fiber, 30 as well as calcium 10 -12,46 and magnesium. 13, 47 Our data highlight a largely unrecognized possible role for increased phosphorus intake, which (with intake of other minerals) may be a contributor to the achievement of lower BP. This may have importance for prevention and control of prehypertension and hypertension. Further work is needed to assess the possible BP lowering of added phosphorus (as inorganic phosphate) in randomized, controlled trials. 
